In a recent CD-ROM, we portrayed the microstructure of the pre-implantation human embryo (Sathananthan et al., 1999), which was a multimedia production with computer colour-enhanced electron micrographs of mainly monospermic embryos. This disk portrays light and electron micrographs of over 250 tripronuclear (3PN), dispermic, human embryos during pre-implantation development, viewed in thick and thin Araldite sections, as well as appearances of whole embryos flat embedded in Araldite blocks visualized with the light microscope. The 100 figures were computerized (IBM TIFF format), edited and labelled using Adobe Photoshop 5. Some of the figures were coloured on computer. The early development of 3PN embryos overtly resembles that of normal embryos but there are important differences in their microstructure which are portrayed in this presentation. This is a multicentric study involving researchers from four IVF centres.
Introduction
The tripronuclear ovum, formed after fertilization, contains 3 pronuclei which shows that it is abnormal. This is an important assessment during routine in-vitro fertilization (IVF). It is triploid in chromosome composition and usually arises as a result of dispermy, the simultaneous penetration of 2 spermatozoa at fertilization, also providing two paternal centrosomes.Two pronuclei are male, while the third is a female pronucleus. If there are 2 pronuclei male and female the embryo is normal and diploid. The other possibility that occurs more rarely in IVF is digyny where the second polar body (PB 2 ) is not abstricted resulting in the formation of 2 female pronuclei (FPN) and a male pronucleus (MPN). Digyny occurs after intracytoplasmic sperm injection (ICSI), since only one spermatozoon is injected into the egg. Thus the dispermic ovum has 2 polar bodies, while the monospermic digynic ovum has 1 polar body (PB 1 ). Polyspermic ova are rare and may have 4 or 5 pronuclei when multiple spermatozoa penetrate a single egg.
The causes of polyspermy are varied: excessive numbers of spermatozoa used for insemination, defective zona pellucida, suboptimal cortical reaction that prevents polyspermic penetration, maternal and oocyte ageing, oocyte maturity, insemination of immature and post mature oocytes and timing of human chorionic gonadotrophin (HCG) injection for oocyte retrieval (see Tarin, 1995 Tarin, , 1996 . The fine structure of 3PN ova and embryos has been reported in the literature since 1984 (Van Blerkom et al., 1984; Sathananthan and Trounson, 1985) and was also illustrated in atlases (Sathananthan, 1993 (Sathananthan, , 1996 Sathananthan et al., 1986 Sathananthan et al., , 1993 . This presentation is largely an original, in-depth, multicentric study of the development of the human 3PN ovum from the 1-cell stage to the blastocyst, where over 250 embryos were examined by light microscopy (LM) and transmission electron microscopy (TEM). The images (100 including Figures 20a, b) are presented in embryo-stages portraying diagrams, Araldite flat embedded whole embryos (LM), Araldite sections (1 µm thick) of these embryos (LM), and thin serial sections thereof (TEM). Post-fertilization events, embryo cleavage, cellular organelles, centriolar behaviour and abnormal features are also depicted. Some laboratory results of IVF are presented inTables I-III and relevant references are also listed.
Details of multicentre study
This collaborative study involved researchers from four IVF Centres in Valencia, Bologna, Singapore and Melbourne who conducted trials on 3PN embryo development. The embryos were fixed routinely at all stages of preimplantation development in 3% glutaraldehyde in 0.1 M cacodylate buffer (pH ~7.3) and post-fixed in 1% aqueous osmium tetroxide, dehydrated and flat embedded in Araldite (see Sathananthan, 1993 for details of TEM technique). All stages of preimplantation development (Figure 1 ) from the pronuclear stage to the hatching blastocyst were studied (Tables I and II ). The majority of 3PN embryos examined in this study were of dispermic origin after conventional IVF ( Figure 2 ). The Monash embryos were discarded and not used for TEM (Table III) .
The Valencia study included 65 infertile couples. The women were down-regulated with gonadotrophin releasing hormone agonist (GnRHa) leuprolide acetate followed by ovarian stimulation with human menopausal gonadotrophin (HMG) and HCG (Tarin et al., 1994) . Briefly, follicular aspiration was by transvaginal ultrasound and the culture medium used was Ham's F-10. The sperm were selected through a three-layer Percoll gradient (90%, 70% and 45%). The 3PN ova were assessed 17-19 hours after insemination and developed in vitro to the blastocyst stage (days 1-6). All embryos were dispermic with 2 polar bodies in the perivitelline space ( Figure 2 ). The arrested embryos were graded and were of fairly good quality (Table I) . A total number of 93 early embryos (65 arrested and 28 non-arrested) were fixed for TEM. Only 10 embryos examined out of 103 reached the morula and blastocyst stage, but this does not include the developmental potential of the 28 non-arrested embryos, fixed for TEM. The Bologna study involved 20 women who were mostly down-regulated with Leuprolide, Triptoreline or Buserelin (Ferraretti et al., 1996) . The culture media used were Earle's medium, human tubal fluid (HTF) or Scandinavian IVF (Gianaroli et al., 1996) . The 3PN dispermic eggs were developed by conventional IVF (Table II) . The ICSI embryos were excluded from the TEM study.
The Monash study was a trial on the development of 3PN embryos (Table III ) and the technique is reported in Jones et al. (1996) . Here, too, down regulation was used with HMG and IVF-50 and Gardner's G 2 media were used for culture.
The remaining embryos examined by TEM were 1-cell embryos at the pronuclear stage and syngamy. The material used was from previous studies (Sathananthan et al., ,1996 .
Imaging
The diagrams were drawn with Indian ink and coloured by an IBM computer using Adobe Photoshop 5. The fixed whole embryos were flat embedded in Araldite blocks (Sathananthan, 1993) , examined with an Olympus microscope and hand drawn with ink, coloured by computer as above. This is a new technique developed to examine embryos after routine fixation in glutaraldehyde and osmium tetroxide, under higher magnification. Osmium stains fatty components of cells including cell membranes, which makes it easier to visualize cell-boundaries and fragments in whole embryos, while the Araldite is a semi-transparent epoxy resin which hardens into a block on polymerization. Only blastomeres were drawn excluding many of the fragments. It was difficult to differentiate between polar bodies and fragments in blocks. The thick Araldite sections, stained with Toluidine blue in Borax, were imaged with a Leica Qwin microscope, directly coupled to a computer imaging system. The TEM images of thin sections were taken routinely with a Jeol Jem Ex 1200 microscope, printed and scanned with a Plustek OpticPro 4800 scanner at 100 DPI onto an IBM computer. Some of them were coloured with Adobe Photoshop 5 to enhance visualization. All images were sharpened, edited and labelled fully using Adobe Photoshop 5 and downloaded onto Iomega Zip disks for submission to this journal. The images of the microstructure of embryos are presented in 100 figures (see List of illustrations).
Analysis of observations
This in-depth microscopic study reveals that though the development of 3PN embryos overtly resembles the development of normal 2PN embryos in many ways, there are salient differences in their potential for development to blastocysts, their microstructure-particularly nuclear and spindle configurations, increased fragmentation and vacuolar degeneration. However, the fine structure of their cells and organelles resembles that of normal embryos and 3PN embryos are useful in the study of early embryo development in vitro.
Another salient point that emerges from this study is the subjectivity of embryo assessment in the IVF laboratory. What appear to be fairly normal embryos (see Table 1 ) are, in fact, grossly abnormal in internal structure, particularly in relation to multinucleation, internal fragmentation and spindle defects. The microstructure of both normal and abnormal 2PN embryos, as well as some 3PN embryos, has been widely documented (see Sundström et al., 1981; Sathananthan et al., 1982 Sathananthan et al., , 1986 Sathananthan et al., , 1990 Sathananthan et al., , 1993 Lopata et al., 1983; Sathananthan, 1984 Sathananthan, , 1990 Sathananthan, , 1993 Sathananthan, , 1999 Trounson and Sathananthan, 1984; Sathananthan and Trounson, 1985; Tesarik et al., 1987 Tesarik et al., , 1988 Pereda, 1989; Van Blerkom, 1989 ).
Compared to normal embryos, 3PN dispermic embryos show: (i) more retarded and arrested development after the first 2 or 3 cell cycles; (ii) highly irregular cleavage patterns, giving rise to more unequal-sized blastomeres; (iii) increased incidence of fragmentation even at early cleavage stages; (iv) multinucleation of the majority of blastomeres (2 or 3 nuclei per blastomere) even at the 2 or 3 cell stages, which leads to the formation of unequal blastomeres; (v) early and late vacuolar degeneration particularly in arrested embryos. Vacuoles are formed of swollen elements of vesicular smooth endoplasmic reticulum (SER), which also occurs in unfertilized oocytes ageing in vitro; (vi) more grossly abnormal morulae and blastocysts, although a few appear to develop normally to the hatching blastocyst stage (Tables I-III ); (vii) many disorganised spindles, which explains the formation of micronuclei caused by mitotic disturbances. Micronuclei are also formed by incomplete incorporation of chromatin due to chromosome scatter during mitosis; (viii) inheritance of 2 sperm centrosomes, which would lead to aberrant mitosis and development.
Of course, some of these morphological features are also evident in 2PN IVF embryos, especially in those that are retarded or arrested in development.
Fine structure of 3PN embryonic cells-cell organelles
The microstructure, distribution and organization of cellular organelles in blastomeres of early 3PN embryos resemble those of 2PN embryos whether they show normal, retarded or arrested development (see Sathananthan et al., 1990 Sathananthan et al., , 1993 Sathananthan et al., , 1999 . Thus 3PN embryos are useful in understanding fine details of embryonic development in vitro. However, early embryos show more fragmentation, multinucleation and spindle defects, while morulae and blastocysts are evidently more abnormal. Occasionally embryos form good morulae and blastocysts, which might explain why some embryos go to term (Edwards, 1986) .
The usual cellular organelles in somatic cells are encountered in human embryos. The SER consists of 2 components, isolated large vesicular and small aggregates of tubular elements. The latter, common in maturing oocytes (MI and MII), gradually disappear by about the 2 to 4-cell stage. They are sensitive to gonadotrophin stimulation but are far less evident after down-regulation used in this study. The most sensitive components to culture and degeneration are the vesicular SER and mitochondria (Sathananthan and Trounson, 1989) . The vesicular SER persist in embryos and swell progressively leading to formation of vacuoles (vacuolar degeneration). Blastomeres of the same embryo may show different levels of vacuolarization with ageing. Nuclei become pyknotic and are displaced eccentrically in degenerated blastomeres, which also show increased lipofuschin activity. Mitochondria in 1-6 cell embryos are usually round to oval in shape and show dense matrices with few peripheral arc-like cristae. They become less dense in 8-cell embryos to morulae and are associated with vesicular SER, at all stages. Mitochondria tend to aggregate forming clouds in ageing blastomeres and become denser and acquire intramitochindrial, dense inclusions. They align on walls of vacuoles (swollen SER) in ageing embryos forming complexes or may aggregate around nuclei. Elongated tubular mitochondria with transverse cristae appear in all cells of blastocysts reflecting increased activity after cell differentiation. Rough endoplasmic reticulum appears in morulae and blastocysts and is also associated with mitochondria. Nucleoli which were dense and compact in 1-5 cell embryos become progressively granular and reticulated after the 6-8 cell stages when the embryonic genome is activated (Braude et al., 1988; Tesarik et al., 1988; Sathananthan et al., 1990) . Golgi complexes are found at all stages of development but show peaks of activity in pronuclear ova and 4-6 cell stages, whilst Golgi are very rare in mature oocytes. Lysosomal activity markedly increases in morulae and blastocysts and multivesicular bodies are common. Degenerating cells are often seen in these late embryos in addition to cytoplasmic fragments. Fragments are clearly extruded into the perivitelline space or blastocyst cavity and are excluded from further development. Those in the perivitelline space are discarded at hatching. Stacks of annulate lamellae appear most commonly in pronuclear and multinucleated cells and each resembles the nuclear envelope in structure. Dense filamentous aggregates are sometimes evident in morulae and blastocysts. Lipid globules appear later in development in morulae and blastocysts. Microfilaments are common in cells of blastocysts especially in the trophoblast, where they anchor on to desmosomes at cell junctions. Primitive cell junctions appear as early as the 2-cell stage and specialized cell junctions are formed in blastocysts. Pinocytotic activity is also evident in early blastomeres, while microvilli are rather sparse on the surface of most cells. Most of these cellular features are shown in the 65 electron micrographs presented in this video (see list of illustrations)
Multinucleation and chromosomal abnormalities
Our observation on spindles and multinucleation agrees with chromosomal studies, especially with the fluorescence in-situ hybridization (FISH) technique which shows that many human embryos (monospermic or dispermic) are mosaics or aneuploid (see Munné and Cohen, 1998, for review) . The onset of mosaicism occurs during the first 2 days of cleavage in dispermic embryos. Further slow and/or fragmented embryos are chromosomally abnormal in 57% of cases, while 71% of arrested embryos are likewise abnormal. In fact, many human embryos are mosaics and this is more apparent in dispermic embryos. There is also strong correlation between embryo morphology and chromosomal abnormalities and FISH analysis shows that 80-100% of 3PN embryos after IVF are abnormal. Embryo fragmentation is also associated with multinucleation and chromosome abnormalities, especially mosaicism. (Plachot et al., 1989; Van Blerkom, 1989 : Sathananthan, 1990 Pieters, 1993; Pellestor et al., 1994; Munné et al., 1995; Kligman et al., 1996) . Fragmentation and nuclear disorganization are associated with apoptosis (Jurisicova et al., 1996) and chromatin degradation and condensation are signs of programmed cell death. Multinucleation and fragmentation are universal features of human embryos, even in vitro (Hertig et al., 1954) 
Centriolar dynamics in dispermic embryos
Dispermic 3PN embryos are fertilized by the introduction of two sperm centrosomes into the human egg (Sathananthan et al., 1991 (Sathananthan et al., , 1996 There needs to be only 1 functional centrosome, male or female, to ensure normal (monospermic) development (Palermo et al., 1994) . Hence the 3PN embryos are not only triploid (3n = 69) but also abnormal in that they inherit two paternal centrosomes. Since the male centrosome activates the zygote, organizes the sperm aster and then the first mitotic spindle as well as later cleavage spindles, probably with maternal cooperation, we can explain some of the aberrant behaviour of 3PN embryos with respect to abnormal spindle structure and chromosome behaviour. Dividing cells are quite rare in cleaving human embryos, including dispermic embryos. Dispermic zygotes may form 2 sperm asters and then tripolar spindles producing 3 equal cells (tripolarization) (Kola et al., 1987; Sathananthan et al., 1991) or form bipolar spindles (bipolarization), when the supernumerary centrosome remains dormant on the sides of spindles (Sathananthan, , 1998 Sathananthan et al., 1996) . A similar situation might arise if a round spermatid is injected into an egg, since it has two functional centrioles. Tripolarization results in the formation of 3 equal cells while bipolarization results in 2 equal cells in the first cell cycle, as during normal cleavage. Furthermore, dispermic spindles could be highly disorganized and the movement of 3 sets of chromosomes to spindle poles will be hampered to cause aneuploidy and mosaicism. This would explain the formation of micronuclei and multiple nuclei in blastomeres. Since the sperm aster (centrosome) also reorganizes the whole cytoskeleton of the egg at fertilization, which includes microtubules, spindles, and microfilaments, we can explain the formation of multiple nuclei in larger blastomeres due to failure of cytokinesis (Trounson and Sathananthan, 1984; Hardy et al., 1993) . This is clearly the impression we get by the present study. Micronuclei are usually formed around chromosomes that scatter during mitosis, which is the morphological expression of aneuploidy. Some cytoplasmic fragments could also arise during mitosis when cells cleave, whilst the large majority are associated with multinucleated blastomeres (perhaps apoptotic). Both fragments and multinucleated cells could be excluded from further development . Lastly, defective sperm centrosomes from poor quality spermatozoa could give rise to abnormal asters, spindles and cleavage, since we are dealing with infertile patients (see Sathananthan, 1994 Sathananthan, , 1998 Schatten, 1994; Sathananthan et al., 1996; Van Blerkom, 1996) . Poorly motile sperm, in particular, used in IVF or ICSI, could introduce defective centrosomes which could ultimately produce poor quality embryos that are irregular, retarded or arrested in development, a new concept in infertility. We postulated this hypothesis in 1991 in a world conference (see Sathananthan, 1991) . These embryos are unlikely to implant and produce viable pregnancies, contributing to early embryonic loss. Apart from centriolar dysfunction, other factors such as stimulation, culture conditions, oocyte quality and uterine receptivity will ultimately determine the fate of human embryos in assisted reproductive technology. Sathananthan, A.H., Ratnam, S.S., Ng, S.C. et al. (1996) . The sperm centriole: its inheritance, replication and perpetuation in early human embryos. Hum. Reprod., 11, 345-356. Sathananthan, A.H., Ratnam, S.S., Trounson, A.O. et al. (1999) Early human development. VIDEO. Hum. Reprod. Update, 5, 89. Schatten, G. (1994) The centrosome and its mode of inheritance: the reduction of the centrosome during gametogenesis and its restoration during fertilization. Dev. Biol., 165, 299-335. Sundström, P., Nilsson, D. and Liedholm, P. (1981) Cleavage rate and morphology of early human embryos obtained after artificial fertilization and culture. Acta Obstet. Gynecol. Scand., 60, 109-120 . Tarin, J.J. (1995) Subzonal insemination, partial zona dissection or intracytoplasmic sperm injection? An easy decision? Hum. Reprod., 10, 165-170. Tarin, J.J. (1996) Potential effects of age-associated oxidative stress on mammalian oocytes/embryos. Mol . Hum. Reprod., 2, 717-724 . Tarin, J.J., De los Santos, M.J., de Oliveira, M.N.M., et al. (1994) Ascorbate-supplemented media in short-term cultures of human embryos. Hum. Reprod., 9, 1717-1722. Tesarik, J., Kopecny, V., Plachot, M. et al. (1987) Ultrastructural and autoradiographic observations on multinucleated blastomeres of human cleaving embryos obtained by in vitro fertilization. Hum. Reprod., 2, 127-136. Tesarik, J., Kopecny, V., Plachot, M. et al. (1988) 
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